The oxygen states on CeO 2 surfaces were investigated with DFT+U calculations. The results reveal the variable nature of the oxygen states, including the never before modelled intrinsic peroxide surface defect. Under O-rich conditions, the peroxide defects on the (100) and (110) surfaces is more stable than oxygen vacancies. On surfaces doped with La(III) it is found that under O-rich conditions the (100) and (110) surface will preferentially form peroxide ions in response to the presence of the dopants while the (111) surface prefers oxygen vacancies. Calculated shifts in core levels match experimental binding energies, further suggesting the presence of peroxide species.
Introduction
CeO 2 is a valuable material for a range of catalytic applications, such as threeway-catalysts (TWC) for automotive emissions, [1] water-gas-shift reactions, [2] [3] [4] and soot oxidation. [5, 6] The effectiveness of CeO 2 as a catalyst is associated with its high oxygen storage capacity (OSC), i.e. the ability to absorb/release oxygen under oxidizing/reducing conditions, [7] [8] [9] [10] and is related to the comparatively facile formation of O vacancies in CeO 2 . [11, 12] As an example of this simultaneous catalysis, CeO 2 can release oxygen, thus facilitating the oxidation of CO to CO 2 , before reabsorbing it, which aids in the reduction of NO 2 /NO to NO/N 2 . [13] Two common methods used to enhance the performance of CeO 2 catalysts are optimization of the synthesis and the addition of aliovalent dopants. The first method can enhance catalytic properties by altering the structure of the material, exposing the more reactive surfaces. The presence of dopants can improve CeO 2 -based catalysts in several ways, for example by creating under-coordinated O anions, thus increasing the OSC, [14] or by increasing the number of catalytically active sites on the surface. [5] The most commonly studied defect on CeO 2 surfaces is the O vacancy, due to its importance for describing catalysis of CeO 2 . [15] [16] [17] [18] Upon the formation of a neutral O vacancy, excess electrons are localized onto Ce(IV) ions, reducing them to Ce(III). In Kröger-Vink notation this is given as:
where O 
′
Ce is a Ce(III) ion at a Ce lattice site with an effective charge of -1. While it is generally agreed that Equation 1 represents the reduction mechanism for CeO 2 , there is still little agreement about the exact structure of the reduced surfaces. The position of the Ce(III) ions relative to the vacancy has been extensively explored and several differing structures appear in the literature. [17, 15] Although these varying cerium positions around the O vacancy have been explored on CeO 2 , alternative oxygen states have yet to receive the same attention. Several studies have investigated and confirmed the presence of peroxide species on CeO 2 surfaces, but these have been solely related to adsorbed molecular oxygen. [19, 40] For the bulk structure of CeO 2 , peroxide ions have been demonstrated to be the most stable defect under oxygen rich conditions, [20] therefore the possibility exists that these defects may form intrinsically on the surfaces. The presence of such a competing defect could have a significant impact on our understanding of the catalytic properties of CeO 2 .
A mechanism for enhancing the catalytic ability of CeO 2 is the introduction of dopant ions. Trivalent rare-earth cations have been shown to be effective for catalysis, [21] with La(III) being a promising candidate dopant. [6] It is generally considered that when CeO 2 is doped with a trivalent cation, such as La(III), two lattice Ce(IV) ions are replaced by the dopants and an O ion is removed to conserve the charge. [22, 23] In Kröger-Vink notation, this is:
where La ′ Ce is a La(III) ion at a Ce lattice site with an effective charge of 1-. However, this mechanism was questioned by Fleming et al. who reported peaks in O 1s XPS data for La-doped CeO 2 that could not be explained by the formation of O vacancies. [24] Theoretical studies by Yeriskin and Nolan postulated that the defects were caused by O holes, which compensated the charge associated with the La dopants instead of the charge being compensated by removing an O anion. [25, 26] The Kröger-Vink equation for this scheme is:
where O
• O is a O hole on a O anion lattice site. To gain a full understanding of catalysis on CeO 2 , it is necessary to fully explore all possible oxygen states and their chemical potential dependence. The interaction of adsorbing molecules with the surfaces of CeO 2 is dependent upon the defect chemistry and if there are flaws in the theoretical model the results may not be relevant.
In this report DFT+U calculations are employed to investigate the low index surfaces of CeO 2 . On the reduced pure surfaces we observe a novel defect structure, based on the peroxide ion, that on some surfaces is thermodynamically more stable than intrinsic O vacancies. Similar results are also found on the La-doped surface where in certain cases peroxide ions can offer new, more stable structures to compensate the charge difference associated with the presence of the La(III) dopants. These differing oxygen states can potentially provide different reaction pathways, and hence could be of significant importance for understanding catalytic processes on the surfaces of CeO 2 . Although a recent theoretical study did discuss the presence of peroxy and superoxy species on CeO 2 ,[27] so far such defects have only been described for the undoped (110) and (111) surfaces.
Theoretical Methods
Total energy calculations were carried out in a plane wave basis set (400 eV cut off) with the Perdew-Burke-Ernzerhof (PBE) functional [28] as implemented in the VASP code. [29] [30] [31] To model localized electronic states, a +U correction was applied to the Ce 4f states (U =5.0 eV) and the O 2p states (U =5.5 eV). [20] The interaction between the core and valence states were modeled with the projector augmented wave (PAW) method. [32] . The surfaces were constructed from the CeO 2 unit cell with the METADISE program. [33] The surfaces were modelled with the slab method with a vacuum gap of 15Å between the surfaces of each slab. The simulations cells employed were; a (2×2) expansion with a slab thickness of 13.10Å (120 atoms, 11 atomic layers) for the (100) surface; a (2×3) expansion with a slab thickness of 11.55Å (126 atoms, 7 atomic layers) for the (110) surface; and a (4×4) expansion with a slab thickness of 14.16Å (240 atoms, 15 atomic layers) for the (111) surface. All surfaces were simulated using a 1×1×1 Monkhorst-Pack k -point grid [34] , and calculations were deemed converged when the forces on each ion where < 0.01 eV/Å. The defect formation energies were calculated according to the equation
where E H is the total energy of the host supercell and E (D) is the energy of the defect cell. E i are the elemental energies, i.e. the energies of the constituent elements in their standard states (e.g. Ce(s) and O 2 (g)) and n is the number of atoms of a element added to (positive) or taken from (negative) an external reservoir. µ i are the chemical potentials of the elements and are to used to approximate the formation of defects under different growth conditions. The upper limit for the chemical potentials (O-rich) was set as the formation of O 2 (g) while the lower limit (O-poor) was set by the formation of Ce 2 O 3 and La 2 O 3 . [35] To aid in the modelling of localised defects, the occupation matrix method was employed, [36] which allows the relaxation of a structure with constrained electrons/holes, allowing a polaron distortion to form at the required position. Once the defects were localised, the occupation matrix was removed and the structure allowed to relax. The vibrational frequencies for the peroxide ions were determined by shifting the position of the oxygens in the peroxide ion and then numerically calculating the 2 nd derivative of the forces on the atoms while holding the rest of the structure constant. PBE is well known to overestimate the bond length, and hence underestimate the vibrational frequencies. For example, the calculated O 2 bond length was 1.23Å, compared to the experimental value of 1.21Å. [37] Therefore, the frequencies were corrected by the error between the calculated O-O stretching frequency of the O 2 (g) molecule (1500 cm −1 ) and the experimental value (1556 cm −1 ). [38] 3 Results
For the three low index surfaces, (100), (110) 
. O holes were also tested on the surfaces, i.e. [Ce
, but in all cases it was found that the electron on the Ce(III) ion would spontaneously quench the O hole. A wide range of different configurations were tested for the two defects by varying the position of the Ce(III) ions and the O vacancy/peroxide ion to determine the most stable structure. The formation energies for the most stable configuration of intrinsic surface defects are summarized in Table 1 . We can see that under The lowest energy vacancy and peroxide defects for each surface are shown in Figure 1 . For the vacancy defects (Figure 1 (a)-(c) ), the position of the vacancy and its distance from the Ce(III) ions are in agreement with previous studies of the (100), [16] (110) [15] and (111) The calculated vibrational frequencies of the O-O stretch in the intrinsic peroxide ion were 864 cm −1 , 802 cm −1 and 834 cm −1 on the (100), (110) and the (111) surfaces respectively. In previous spectroscopic studies of CeO 2 surfaces, peaks at ∼877-831 cm −1 in the Raman spectra were assigned to O-O stretching of peroxide species from adsorbed O 2 molecules. [40, 19] Wu et al. observed peaks at 840 cm −1 and 863 cm −1 in the Raman spectra of nanorods, which express the (100) and (110) surfaces, and and a peak at 840 cm −1 in the spectra of nanocubes, which only expose the (100) surface. In contrast, extremely weak peaks at these frequencies were seen for nano-octahedra, whose surfaces are exclusively (111) in nature. The results presented in this paper demonstrate that intrinsic peroxide defects readily form on the (100) surface, and the vibrational frequencies match experimentally determined values, indicating that the peaks observed may be from intrinsic peroxide ions and not due to adsorbed species. Furthermore, the lack of peaks for the (111) surfaces is in agreement with the energetic data presented in Table 1 , which shows that the peroxide ion is never stable on the (111) surface. The calculated peroxide vibration frequency on the (110) surface (802 cm −1 ) does not match the experimental value (863 cm −1 ). However, the experimental peaks associated with (110) surfaces were higher in frequency than those of the (100) which Wu et al. claimed was a result of the defects forming clusters on the (110) surface, whereas they remained isolated on the (100). Since only isolated defects were calculated, this could account for the disparity between the experimental and calculated frequencies. The possibility of the intrinsic surface peroxide species being present in reduced CeO 2 at high oxygen partial pressures may be significant for understanding CeO 2 catalysis, as previous studies have only considered reactions through the O vacancy [17, 13, 41] or through adsorbed peroxo/superoxo species. [42, 43, 40] Having demonstrated that alternative oxygen states to the O vacancy are valid defect structures on reduced pure CeO 2 surfaces, the La-doped CeO 2 surfaces were also investigated to examine whether these peroxide species are a viable mechanism for charge compensation. Several types of charge compensation for the dopants were tested for each surface: one lanthanum dopant compensated by one oxygen hole ([La For each defect, several different configurations were investigated by varying the distance between the dopant cations and the charge compensating defects to determine the most stable structure for each system. The doping energies for most stable defect of each type are shown in Table 2 .
Under O-poor conditions, the O vacancy is the preferred compensation mechanism on all surfaces, with doping energies of -1.01 eV, -1.28 eV and -0.70 eV for the (100), (110) and (111) surfaces respectively. At the O-rich limit, however, the preferred compensation mechanism on the (100) and (110) surfaces is now a peroxide ion, with doping energies of -1.50 eV for the (100) surface and -1.34 eV on the (110) surface. Vacancy compensation is still more stable for the (111) surface, with a doping energy of -0.70 eV compared to -0.64 eV for the peroxide ion. Charge compensation through O holes was found to be unstable under O-poor conditions, but is significantly stabilised under O-rich conditions, and for the (100) surface it is the second most stable compensation mechanism after peroxide compensation. It is worth noting that the doping energy for two isolated holes on the (100) surface was lower than for two clustered holes, i.e. [La
, suggesting that it is unfavourable for La(III) ions to cluster on the (100) surface. An x-ray photoelecton spectroscopy (XPS) study by Fleming et al. [24] investigated La-doped CeO 2 nanocrystals, which predominantly express the (111) surface but also have significant contributions from the (110) and the (111) surfaces. They discovered a peak in the O 1s spectra displaying a binding energy 1.5-1.8 eV higher than the average O 1s contributions. In contrast to the results presented in this letter, they suggested it may be due to a charge compensating mechanism featuring O holes. To compare to the XPS data, the shift in O 1s core levels between O holes/peroxide and surface O anions was calculated. The O 1s core level shifts for both hole states and peroxide ions are shown in Table 3 . It was found that these 1s core levels were lower in energy than the average of the other surface O 1s core levels, which would correspond to the higher binding energies observed experimentally. For O holes, the shift in core level energies only matches that which was observed by Fleming et al. for holes on the (111) surface, however, the energetic data suggests that Table 3 The shift in core level energies for O holes and peroxide ions compared to O 2− anions on the La-doped low index surfaces of CeO 2 . All energies are given in eV. such defects are not stable on the (111) surface. For the peroxide ions on the surfaces, the shifts in core level energies on the (100) and (110) surface are within the experimentally observed range, and hence the peaks observed by Fleming et al. are likely to be due to a peroxide compensation mechanism, and not O holes. Peaks corresponding to the calculated peroxide shift on the (111) surface was not seen, but their absence is understandable given that under all conditions, the O vacancy is the most stable charge compensation scheme on the (111) surface.
Conclusions
This letter demonstrates that the nature of the oxygen states on the low index surfaces of pure and La-doped CeO 2 play a vital role in the surface chemistry of these materials. Under O-rich conditions, the formation of a previously unobserved peroxide ion is more stable than an O vacancy on the (100) and (110) surfaces. Similarly, for La-doped (100) and (110) surfaces under O-rich conditions, the preferred method of charge compensation is the peroxide ion as opposed to the traditional [2La ′ Ce -V
••
O ] defect cluster. The formation of peroxide defects is also consistent with Raman spectra of the pure surfaces and core level shifts observed in La-doped CeO 2 . These defects may also help to explain the results of experimental studies by supporting evidence for new reaction pathways and expanding the knowledge of the role CeO 2 plays in heterogeneous catalysis.
